Abstract-Micromechanical radiakontour mode disk resonators featuring new self-aligned stems have been demonstrated with record resonance frequencies up to 1.14 GHz and measured Q s at this frequency >1,500 in both vacuum and air. In addition, a 733-MHz version has heen demonstrated with Qs of 7230 and 6,100 in vacuum and air, respectively. For these resonators, self-alignment ofthe stem to exactly the center of the disk it supports allows balancing of the resonator far superior to that achieved by previous versions (where separate masks were used to define the disk and stem), allowing the present devices to retain high Q while achieving frequencies in the GHz range for the first time. In addition to providing measured results, this paper formulates an equivalent electrical circuit model that accurately predicts the performance of this disk resonator.
I. INTRODUCTION
Vibrating micromechanical ("pmechanical") resonators are emerging as viable candidates for on-chip versions of the high-Q resonators (e.g, quartz crystals, SAW resonators) used in wireless communication systems [I] for frequency generation and filtering. However, although micro-scale versions have reached frequencies up to the mid-VHF range (156 MHz [2] ) with Q s approaching 10,000, the acceptance of such devices in present-day communication transceivers has so far been hindered by several remaining issues, including: (1) a frequency range that had not surpassed 1 GHz; (2) the need for vacuum to attain high Q; and (3) higher impedances than normally presented by macroscopic high-Q resonators.
This work now alleviates the first two of the above issues.
In particular, micromechanical radial-contour mode vibrating disk resonators featuring new self-aligned stems have been demonstrated with record resonance frequencies up to 1.14 GHz and measured Q's at this frequency >1,500 in both vacuum and air. In addition, a 733-MHz version has been demonstrated with Q s of 7,330 and 6,100 in vacuum and air, respectively. For these resonators, self-alignment of the stem to exactly the center of the disk it supports allows symmetrical balancing of the resonator far superior to that achieved by previous versions (where separate masks were used to define the disk and stem), allowing the present devices to retain high Q while achieving frequencies in the GHz range for the first time.
In addition to describing the design, operation, and fabrication of self-aligned disk resonators, this paper formulates an equivalent circuit model for these devices, then verifies it with measurements on fabricated disks 11. DEVICE STRUCTURE, OPERATION, AND MODELNG Figure 1 presents the perspective-view schematic of a self-aligned disk resonator identifying key features, and illustrating a typical two-port bias, excitation, and measurement scheme. As shown, this device consists of a 2pm-thick polysilicon disk suspended by a 2pm-diameter stem selfaligned to its center and enclosed by two polysilicon electrodes spaced less than I,OOOA from the disk perimeter. In the schematic, the tops of the electrodes have been rendered transparent to enable viewing of the underlying structure.
The dimensions needed to attain a specified resonance frequency& for a radial-contour mode disk can be obtained by solving the mode frequency equation, given by [3] where and where U is the disk radius;,ao=2zfo is the angular resonance frequency; J&) is the Bessel function of the first kind of order n; p, 0, and E are the density, Poisson ratio, and Young's modulus, respectively, of the structural material.
To excite the device of Fig. 1 in its two-port configuration, a dc-bias voltage V, is applied to the disk and an ac signal vi to its input electrode, generating an input force Fi in a radial direction (pointing outward from the disk) at the frequency of vi given by where (3Cldr)i is the integrated change in electrode-to-resonator overlap capacitance per unit radial displacement at the input (drive) port. When the frequency of vi matches the radial-contour mode resonance frequency of the disk, the resulting force drives the disk into a vibration mode shape where it expands and contracts radially around its perimeter, in a fashion reminiscent of "breathing". This motion creates a time-varying capacitance between the disk and output electrode, which ifthe electrode is shunted to ground, results in an output current given by where (aC/Jr), is the change in electrode-to-resonator overlap capacitance per unit radial displacement at the output port. In effect, this device operates by first converting the input electrical signal vi to a mechanical force Fi, which gets filtered by the high-Q mechanical response of the resonator, allowing only components at the disk resonance frequency to he converted to a disk displacement r (or velocity v). This mechanical domain displacement r is then converted hack to the electrical domain into the output current io by action of the output electrode capacitive transducer. Despite its mechanical nature, the disk resonator of Fig. 1 still looks like an electrical device when looking into its ports, and so can be modeled by either of the electrical LCR equivalent circuits shown in Fig. 2 . The element values for the LCR equivalent to the radial-contour mode'disk is governed by the total integrated kinetic energy in the resonator, its mode shape, and parameters associated with its transducer ports [4] . Using the procedure of and where m, and k, are the effective equivalent mass and stiffness, respectively, of the disk in its radial-contour mode, and r is thickness.
The CO in each circuit of Fig. 2 represents capacitance from an I/O electrode to ac ground, and as such, is primarily composed of a combination of electrode-to-resonator overlap capacitance and electrode-to-substrate capacitance.
One important difference between the stiff, high frequency resonators of this work and previous lower frequency ones is the difference in total energy per cycle. In particular, the peak kinetic energy per cycle can be computed via the expression 1
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where X and k, are the peak displacement and effective stiffness, respectively, at the disk location across from the center of an electrode. Given that the k, -73.5 MN/m for a 1.14-GHz disk resonator is more than 49,OOOX the 1,500 N/ m of a IO-MHz CC-beam, the former is expected to store 49,OOOX more energy per cycle for the same displacement amplitude. With energies per cycle many times larger than those lost to viscous gas'damping, the resonators of this work, and virtually any high stiffness, high frequency pmechanical resonator device, are expected to exhibit high Q even under air damped conditions. As mentioned, the key feature of this work that allows radial contour mode disk resonators to achieve frequencies > I GHz with exceptional Q is the use of a new fabrication technology that allows self-alignment (Le., exact placement) of the stem at the center of the disk. To illustrate the importance of perfect alignment, Fig. 3 presents ANSYS modal displacement analyses on a radial-contour mode disk for the cases of (a) a perfectly centered stem; and (h) a stem offset from the center by only 1 pm. Here, a perfectly centered stem leads to a symmetric and purely radial 2nd contour mode shape. Conversely, even just I pm of misalignment leads to dramatic mode shape distortions and consequent acoustic energy losses to the substrate that lower the Q, making resonance detection difficult. Figure 4 presents cross-sections summarizing the process flow that achieves self-aligned stems. The process begins with polysilicon surface micromachining steps similar to Fig. 4 Fabrication pr&s flow that achieva self-aligned stems for radial-contour mode disk resonators, and includes a substmte ground plane to suppress parasitic feedthrough those used in a previous metal electrode small-gap process [6] up to the point of defining the disk structure. The process then deviates from [6] with an etch step that pattems not only the disk and support structures, but also vias for any anchors to he formed, yielding the cross-section shown in Fig. 4(a) . A sidewall sacrificial oxide spacer is then deposited to define the electrode-to-resonator gap, as in [ 6 ] , but additional steps are taken to remove this sidewall sacrificial layer in the anchor vias, then to etch through the bottom sacrificial layer down to the substrate. With exposed anchor vias, a subsequent (third) polysilicon deposition then not only provides the material for electrodes, but also refills the anchor vias to create very rigid, self-aligned anchors. This third polysilicon layer is then POC13-doped and pattemed to delineate the electrodes, after which an HF release etch achieves the final cross-section of Fig. 4(b) . Figure 5 presents the SEM of the 20bm-diameter selfaligned pnechanical disk resonator fabricated using the process of Fig. 4 and used for all measuxements to follow. In most cases, despite large impedance mismatching, a direct two-port measurement set-up, such a s shown in Fig. 1 , was sufficient to obtain frequency and Q data, albeit with up to -62 dB of transmission loss caused not by the resonator device, but by the large mismatch between the resonator impedance and the 50R network analyzer test-port impedance. The use of a contactable substrate ground plane to shunt feedthrough currents away from the output electrode proved instrumental in allowing direct two-port measurement of devices. As shown in the measured feedthrough vs. frequency plots of Fig. 6 , more than lOdB of feedthrough suppression was achieved at frequencies below 1 GHz via substrate grounding.
For cases where impedance-mismatches made direct twoport measurement impossible, despite substrate grounding, a mixing-based measurement set-up shown in Fig. 7 was used that suppressed parasitic feedthrough by moving motional currents away from them in the frequency domain [7] , allowing adequate measurement of devices. In either case, it should be noted that losses seen in the measured spectra to follow arise from impedance mismatching, and are not indicative of device loss. By their sheer high Q, it should be obvious that the devices should exhibit very little loss when used in properly matched filters [4] .
Figures 8 and 9 present frequency spectra measured using the mixing set-up of Fig. 7 for the device ofFig. In addition, ( 5 ) predicts RI's on the order of 520n with a DC-bias of IOOV, a resonator disk thickness of 10Fm, and an electrode-to-resonator gap spacing of 550A. Although IOOV seems excessive, it is not entirely unreasonable when one considers that it emanates from a charge placed on the resonator, where no current is flowing, hence no power is consumed. Still, smaller DC bias voltages are preferred, so research on resonator arrays [8] 
, there is evidence that the Q of 1,595 measured for the Fig. 9 Measured (dark) and predicted (light) kquency characteristics I . 14-GHz device undershoots the actual value. In particular, for a 1.14-G&, 3rd mode, 2Owdiameter disk resonator mea-even with the conservative assumption that Q might roll off Table I : Simulated vs. Measured RLCValues 7,330 in vacuum and 6,100 in air; and in its third radial contour mode at 1.14 GHz with Q s of 1,595 and 1,583, in vacuum and air, respectively. (It should be noted that due to impedance mismatching, the peak height in the latter measurement is quite small, so the extracted Q probably undershoots the actual value by a significant amount.) Both measurements verify the prediction of Section 11 that the Q s ofhigh stiffness, high frequency devices should remain high whether operated in vacuum or at atmospheric pressure. In addition to measured spectra, theoretical cumes predicted using the formulations of Section II are included in the plots, verifying the accuracy of the models. Table I further presents a comparison of measured and predicted equivalent circuit element values, showing very good agreement.
To attain smaller resistances, higher DC bias and smaller electrode-to-resonator gaps are needed. In particular, the use tion applications, provided impedance matching issues can be alleviated. Research to address impedance matching issues at both the device and system levels is ongoing.
